Near-surface measurement of residual strain and stress with neutron scattering complements and extends the surface residual stress measurements by X-ray diffraction. However, neutron diffraction measurements near surfaces are sensitive to scattering volume alignment, neutron beam wavelength spread and beam collimation and, unless properly understood, can give large fictitious strains. An analytic calculation and a numerical computation of neutron diffraction peak shifts due to partial burial of the sampling volume have been made and are compared with experimental measurement. Peak shifts in a strain-free nickel sample were determined for conditions where the sample surface is displaced so that the scattering gage volume is partially buried in the sample. The analytic and numerically computed peak shifts take into account the beam collimation, neutron source size, monochromator crystal mosaic spread and the collection of diffracted intensity with a linear position-sensitive counter.
Introduction
Neutron diffraction residual stress methods are well established for mapping the distribution of residual stresses (Alan, Hutchings, Windsor & Andreani, 1985; Pinchovius, Jung, Macherauch & Vohringer, 1983) . Neutron and X-ray approaches characterize and respectively measure the interior and surface residual stress state of a material. Recently, neutron strain scanning of the near surface region was undertaken to bridge the gap between the surface residual stress data obtained by X-ray diffraction and the in-depth data obtained by neutron diffraction (Ezielo, Webster, Webster, Moth & Muster, 1991) . The reliability of these measurements has come into question and the present authors, in unpublished work, encountered some unphysically large peak shifts while attempting to determine residual strains near the surfaces of casehardened steel gears. Holden (1995) presented data on the shifts in the diffraction peak position for scattering from a stress-free nickel powder sample where the scattering volume was scanned through the surface of the sample. They also measured the diffraction peak position of a small wire which was scanned within the scattering volume which showed that wavelength variation accounts for a significant part of the observed peak shift.
An analytic calculation of peak shifts based on the geometry of ray optics is presented for the conditions of measurement of a stress-free nickel powder plate. A Monte Carlo simulation of our nickel powder measurements in a 5 mm plate are also presented. The two calculations are compared with measurements in stress-free powder nickel.
Experiment
The neutron-diffraction residual strain scanning method measures the shift in diffraction angle due to lattice strain. The scattering geometry used in strain scanning is shown schematically in Fig. 1 . Neutrons emerge from the neutron source and a monochromatic beam is selected by a single crystal set to diffract a beam toward the test specimen. A portion of the powder diffraction cone from the test specimen is intercepted by a neutron detector. In the case under discussion the detector is a linear position-sensitive proportional counter. The sampling volume is defined by incident-beam and scattered-beam apertures which are set close to the specimen without limiting the range of specimen travel required in a scanning experiment. The usual practice is to entirely bury the sampling volume in the scattering sample. The incident beam aperture is centered carefully on the diffractometer rotation axis. The scattering beam aperture is adjusted so that the center of the diffracted beam extrapolates back to the diffractometer rotation axis. Diffracted intensity is collected by a linear positionsensitive counter set at a fixed position. The collimation of the incident beam is determined by the neutron source 450 DIFFRACTION PEAK DISPLACEMENT IN RESIDUAL STRESS SAMPLES area, the active area of the monochromator crystal defined by an aperture close to the crystal, the collimating apertures close to the specimen and the resolution width of the position-sensitive detector. Table 1 gives the geometrical specifications of the apparatus.
A strain-free sample of nickel powder was poured into a flat-wall quartz container forming a 5 mm-thick plate with a 40 x 10 mm 2 area. Centering of the apertures was established by scanning a vertical l mm steel pin perpendicular to the incident beam axis. The receiving aperture was centered by scanning the same pin parallel to the beam axis and then shifting the aperture to the diffractometer center. The nickel powder sample was first set with its broad face perpendicular to the diffraction vector for the 311 reflection. This arrangement is shown schematically in Fig. 2 as the reflection geometry. The sample was translated parallel to the diffraction vector so that the diffracting volume passed from one side of the sample to the other. The sample was then rotated 90 ° about the vertical axis and again translated perpendicular to the diffraction vector. This is shown as the transmission geometry case in Fig. 2 . The translations were made in 0.5 mm steps. The diffracted beam was recorded in the linear position-sensitive proportional counter which encodes the scattered neutron position in 512 channels over a 100 mm length and has a resolution of 1.4 mm along the length of the detector. The detector's efficiency of response was calibrated by flooding the detector with uniform scattering from a paraffin sample set at the scattering specimen position. The channel-to-angle conversion was established by recording the position of a sharp diffraction peak as the detector arm is moved through a series of 20 angles. Electronic drift, which is monitored with an electronic reference signal, is typically less than 0.2 channels in 12h. Table 1 gives the values of the parameters for the nickel powder measurement. The 311 Bragg peak data were fitted to a Gaussian function combined with a linear background. The integrated intensity was calculated from the product of the full width at half-maximum and the peak height. The experimental intensities and Bragg peak shifts are shown in Figs. 5 and 6 along with calculated results that are discussed below. In reflection geometry the Bragg peak position increases as the sample moves into the collimation-defined diffracting volume, or gage volume, from the side opposite from the incident beam. The peak position stays relatively constant as long as the diffracting volume is totally buried in the sample. The peak position then increases again as the sample leaves the gage volume from the incident beam side. The small squares, appearing as insets to Figs. 5 and 6, show how the sample occupies the gage volume at the entering, middle and exiting displacement positions. The peak intensity for the reflection geometry is most attenuated for the longest incident and scattered beam path through the nickel powder plate.
For the transmission geometry the peak intensity is simply proportional to the fraction of the gage volume occupied by the sample for all sample displacements since the beam path does not change with sample displacement in this geometry. The experimental peak shifts mostly run counter to the trend found in reflection geometry. When the specimen occupies a very small fraction of the gage volume the shifts follow the reflection case trend. That is, as the sample enters the gage volume from the side opposite the incident beam, the peak shift increases; the same trend is seen as the sample leaves the gage volume on the incident beam side. In Fig. 6 two calculated curves are shown which differ in the assumed monochromator width. The narrow mosaic curve gives a better fit to the experimental data for negative displacements.
Theory
The analytic calculation of the diffraction-peak shifts demonstrates the sources of the peak shift effect. A few simplifying assumptions were used in the description of the beam collimation to enable the calculation of certain integrals in the calculation. These assumptions, although leading to some inexactitude, do not obscure the physical effects causing the shifts. In the numerical calculation using ray optics and Monte Carlo integration, experimental geometry is represented without approximating assumptions. The numerical computations were made on a DEC Alpha workstation. The exploration of sample effects such as composition and strain gradients can be readily incorporated into the Monte Carlo computation. The Monte Carlo method used in these computations uses an adjoint approach that substantially reduces the number of rays that otherwise would be required in a Monte Carlo approach employing rays originating at the reactor core.
In this analysis we consider an experimental arrangement where the monochromating and sample scattering Bragg angles are 90 ° and the incident and diffracted beam slits have identical width, w. Consider the diagram shown in Fig. 3 , where a ray enters the incident slit at y' and is Bragg scattered by grains located at (x, y). The scattered neutrons exit the diffracted beam slit at x' and arrive at the detector at position x o. Following Caglioti, Paoletti & Ricci (1958) , we use q9 i (i --1,2, 3) to describe the angular displacement of an arbitrary neutron ray from the nominal beam directions. The sign of q~; is chosen so that positive ~Pi increases the Bragg angle of the ray. This gives and
where lis and la. ~ are the aperture-to-center distances and l 3 is the center-to-detector distance. The number of neutrons arriving at the detector follows a probability function given by,
where A(q~t), O(rl),fw(f) and fw(X') are intensity distribution functions due to the in-pile collimator, the monochromator and the incident and receiving slits, respectively, r/ is a parameter specifying the angular displacement of the reflecting mosaic blocks from the mean orientation of the monochromator crystal. From Bacon (1975) and (6) into (2), one obtains
The shift in the center of the diffraction peak is given by 
Three terms contribute to A20. The first term arises from the divergence of the incident neutron beam allowed by the in-pile collimation. The second term describes an effect due to the mosaic spread of the monochromator. The third term is the displacement of the diffraction center when the sampling volume is partially embedded.
In the following calculations a is assumed to be unity, which is representative of conditions typically found in strain-scanning experiments where the monochromator d spacing is often selected to match the scattering specimen d spacing and the scattering and monochromator angle is near 90 ° . To facilitate the evaluation of the integral over (q~l, q),fw is approximated by a Gaussian function,
where w' = w/[2(ln 2)1/2]. This approximation introduces a small error when u approaches the edges of the slits. Extending the limits of integration to + ~ one can show that (8) is reduced to A20 = ((Pl} 4-(x)/13
lds
+13' (lO) where ~2 = w/lis, 0~3 ---W/lds and ( ) represents the average over (x,y). The coefficient K is a unitless quantity given by, 
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transmission A rather explicit expression for A20 can be obtained in a special situation where l;s = las = l. These are also the experimental conditions used in the nickel powder experiment (see Table 1 ). Since the slits are usually positioned close to the specimen a2a 3 = w/l >> 2b. This
and 2~ 2 1 1 A20 = --2~t 2 -t-(w/l) 2 l + (x), reflection geometry
transmission geometry. (14) From (13)- (14) one can see that when the sampling volume becomes partially buried the in-pile collimation and the displacement of the diffraction center cause a peak shift of opposite signs. In the reflection geometry, since l <</3, the peak shift is dominated by the in-pile collimation term. In the transmission geometry the contribution from the in-pile collimation term is reduced by a factor of 2f12/(w/l) ~, resulting in a smaller overall peak shift. In the extreme case of a perfect monochromating crystal (fl --+ 0) the peak shift in the transmission geometry is dominated by the shift in diffraction center.
The geometry for the Monte Carlo simulation is shown in Fig. 3 . The neutrons are confined to the scattering plane perpendicular to the sample diffractometer axis. Three points define the incident and scattered rays for the sample; (i) a point on the monochromator, YM, (ii) a point within the scattering sample, X s, Ys, and (iii) the point of arrival on the detector, X D. The sample d spacing and the scattering angle defined by the rays defines the wavelength. Note that the monochromator is projected onto a plane perpendicular to the line between the monochromator and the sample as shown in the inset.
The position of the ray from the neutron source which fulfills the monochromating condition is calculated from the wavelength and monochromator d spacing. Rays that reach the position-sensitive detector must satisfy the geometrical constraints set by the size of the neutron source, the incident-beam aperture and the scatteredbeam aperture. The ray is further weighted by the monochromator reflectivity function. The orientation of the monochromator diffraction vector is used to calculate the mosaic crystal probability for a Gaussian mosaic crystal distribution. The monochromator angle is fixed at 90°20 and the nominal wavelength was 1.615 A, which is fixed by the (110) reflection from the beryllium monochromator. The mosaic width is approximately 0.25 ° . The nominal diffraction angle for the nickel powder was 98.85°20. The calculation is carried out with 500 000 rays where the 'surviving' rays define the scattered peak in the detector to a statistical accuracy better than measured by experiment. A series of diffraction peak simulations ~ ............. , ......................... corresponding to a sample scan in reflection geometry is shown in Fig. 4 . Note that the peak shifts are compared with the peak widths. The randomly generated variables in the Monte Carlo computation are the x and y coordinates of the diffraction event within the gage volume as well as the incident ray's point of departure from the monochromator. The positions of arrival on the detector are systematically stepped across the detector to accumulate the peak profile. The random coordinates and the detector position define the diffraction process for each ray in the calculation. If the diffraction event coordinates are outside the scattering material, as they may be when the gage volume is not buried in the sample, the ray is discarded. The incident and scattered rays must also pass through the beam apertures to be counted in the detector. The diffraction intensity is generated by accumulation of the successful rays arriving at the detector. The centroid of the diffraction peak is then calculated to determine the peak position. This calculation is repeated for a series of scattering sample displacements which translate the sample through the gage volume defined by the beam apertures. The direction of sample displacement was parallel to the plate surface normal. The orientation of the plate placed the surface normal either parallel to the diffraction vector for the transmission geometry case or perpendicular to the diffraction vector for the reflection geometry case. The displacement is equal to zero when the gage volume is exactly half way buried in the sample.
The results of the analytic integration are plotted with the scattering data in Fig. 5 . The specimen displacement which centers the gage volume on the specimen surface is indicated by the two vertical dashed lines. A comparison shows that the calculated shifts systematically exceed the observed shifts by a small amount in the reflection geometry. However, the match to the transmission case is very close. This outcome originates from the assumption of the Gaussian representation of the incident and diffracted beam slit response function. The Gaussian representation extends the spatial range over which neutrons can be received into the system with the results that the wavelength range entering the calculation is widened as well. 
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-3 -2 -1 0 1 2 3 4 l)isplacement (ram) l)isplacement (ram) (a) (b) Fig. 6 . The integrated intensities and the peak positions are plotted as a function of the sample displacement. As the sample leaves the gage volume the Bragg angle shifts are smaller for the transmission case than for the reflection case. The discrepancy between computation and experiment for the transmission case (b) is partially removed when the computation is repeated for a smaller monochromator mosaic.
The numerical simulation of the peak shift and integrated intensity variation are compared with the experimental data in Fig. 6 . The simulated intensity was normalized by inspection. The peak shift simulation for the reflection case matches the experimental data well. However, the peak shift simulation for the transmission case is not as satisfactory. In particular, the peak shift in the transmission case rises and then dips as the gage volume is filled by the sample. A check of equation (14) indicates that the dip is likely due to a smaller effective mosaic spread of the monochromating crystal. As discussed earlier, when /3 is small the peak shift in the transmission case is dominated by the displacement of the diffraction center which produces a peak shift of the opposite sign. Simulation with a smaller mosaic spread (0.2 ° ) indeed produces an improved fit to the data in the transmission case, as shown by the dashed line in Fig.  6(b) . However, we also notice that the same set of parameters degrades the agreement for the reflection case; the effective mosaic spread may be somewhere between these two values.
Discussion
In neutron-diffraction residual stress measurements the position of a diffraction peak can be determined with a precision of approximately A20 ~_ 0.01 °. This translates to an uncertainty of approximately 1 × 10 -4 in strain determination. The corresponding errors in residual stress values range from 2(P40MPa for steel and 10-15 MPa for aluminium. The observed peak shift far exceeds the typical experimental precision at its maximum. In order to allow accurate near-surface measurements to be carried out, this artifact must be experimentally suppressed or corrected to below 0.01 ° The agreement achieved between the experiment, the analytic calculation and the Monte Carlo computation gives confidence that the principal factors giving rise to the peak shift have been identified. Specifically, shifts in the peak position arise from changes in the center of gravity of the scattering volume as the gage volume leaves the sample, an unbalancing of the wavelength contributions to the diffraction peak profile from the incomplete gage volume, and the restriction of the diffraction angles by the incident and receiving slits. The effect is aggravated by relaxation of the collimation and the broadening of the mosaic spread in the monochromator. In addition, the placement of the collimating slits controls the magnitude of the peak shifts effect.
From the analytical calculations it is clear that the anticipated peak shifts can be much suppressed by manipulation of the experimental conditions. For example, the overall peak shift in the reflection geometry will be greatly reduced if a tighter in-pile colli-mation is used. This is perhaps easier to realize by examining equation (14), which was obtained for a special situation where li, ~ = Ids = I. Reducing ~l results in a smaller in-pile collimation term. When ~1 becomes sufficiently small, this term is cancelled out by that due to the displacement of the diffraction center and hence the peak shift vanishes. Equation (14) also indicates that the peak shift in the reflection geometry can be further curtailed by movement of the slits closer to the diffractometer axis. This is especially desirable in situations where the in-pile collimation cannot be changed. The peak shift in the transmission geometry is already quite small in the current experimental set-up, as long as the displacement is not too large. However, if there is a need to curtail the peak shift in the transmission geometry it can be done by adjustment of such experimental parameters as lis, lds, ~1 and/3. In order to eliminate the peak shift anomaly, smaller sampling volumes must be used as the surface is approached so that the gage volume is entirely embedded in the scattering material. Of course, the gage volume must be accurately centered on the diffractometer axis.
Conclusion
Analytic calculations demonstrate the essential causes of the edge effect on the shift of the peak position. The numerical simulation produces good agreement with the reflection case for the peak shift in the nickel powder observations. The simulation of the transmission case is less successful for reasons that require further investigation.
